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romolecules (reviewed in 2). Unfortunately, it is often difficult to relate the data obtained to mechanistic explanations of protein function because the sites and modes of flexibility are not revealed. In a number of investigations, we have shown that examination of immune comBecause antibodies (Abs) have been so heavily ex-plexes composed of Ab in complex with target Ig moleploited in the study of cells and molecules, it seems cules or other molecules of immunological interest reveals only fitting that they be employed in the investigation information not readily available by alternative means. of elements of the immune system itself. In this paper Here I will show, through example, how immunoelectron I will review our efforts and strategies to investigate microscopy can provide such information. the structure and function of several macromolecules of immunological interest (i.e., immunoglobulins (Igs), C-reactive protein (CRP), and a complement receptor)
EXPERIMENTAL APPROACH
and briefly describe the techniques used. The basic overlying theme in each study is that of epitope mapping. A related theme in several studies is the analysis A brief description of the IEM techniques used in our laboratory and their advantages and limitations will be of intramolecular flexibility. In all cases Abs, or fragments thereof, without any attached labels, serve as presented. A more extensive description of these procedures can be found in Refs. (3, 4) . A modification of the probes. Most often, the target molecules and the probes are of similar size. Also, because the probes and targets negative staining procedures of Seegan et al. (5) for sandwiching molecules and a thin layer of electron-dense stain are often inherently flexible, their images show various degrees of randomness. These characteristics frustrate between sheets of carbon film is used. The carbon membranes, previously deposited on small mica sheets, are the use of computational averaging and enhancement. As a consequence, the highest resolution and most uni-floated for 10 to 25 s on the protein/immune complexcontaining solution (at 1 to 3 mg/ml) followed immediately form staining are needed to yield the maximum information from individual complexes.
by a 15-s float-wash on a second buffer. In all cases, highly purified protein reactants were used. The carbon, Immunoelectron microscopy (IEM) occupies an important niche in the structural analysis of macromole-with attached molecules, is then floated on the stain (0.5-2% uranyl formate) for 1 min and folded to trap the cules. The gold standard for such structural studies is Xray crystallography, a technique ideally suited for de-molecules and a thin film of stain between the carbon folds. The carbon is allowed to adhere to an EM grid, termining, to atomic resolution, the structures of more excess stain is removed by capillary action, and the prep-preparative technique has the advantage of attaching the complexes to the substrate while they are still under aration is allowed to dry before viewing. Most analyses have been conducted at 100,0001 magnification with a physiological conditions. In contrast, ''dry down'' methods expose the complexes to increasing concentrations of JEOL CX 1200 electron microscope. It is important to note that immune complexes are first generated in solu-buffer or electron-dense stains prior to final attachment to the substrate, conditions that could easily disrupt the tion and then affixed to the carbon film. This particular noncovalent binding forces in immune complexes. Immune complexes that are the least constrained (i.e., retain greatest segmental and rotational flexibility) will be more likely to lie fully on the plane of the carbon film and yield the most accurate physical measurements of the relative rotational orientation of their components because of the propensity of Ab Fab arms and fragments to maximize their surface-area contact with the carbon film when permitted by flexible elements (i.e., the hinge) as in Fig. 1 . If the focus of a particular study is to measure the angles and orientation of the interacting Fab arms, as in idiotope (Id) mapping, rather than the geometry of the entire complex, the hinge-imparted constraints on Fab arm rotation can be minimized by reduction and alkylation of the interchain (H-H) disulfide bonds ( Fig.  2) (6) , by selection of the probe Abs that have the more flexible hinge regions (for mouse: IgG2b ú IgG2a ú IgG3 ú IgG1; for human: IgG3 ú IgG1 ú IgG4 ú IgG2 (7)); or by use of isolated Fab fragments (Fig. 2) (8) .
Immune complexes can sometimes form more rigid 3-D structures in solution. If the geometry of such a complex happens to be more or less planar, the resultant electron microscopic images are easy to measure and interpret. More rigid nonplanar structures, on the other hand, may be subject to distortion reactions are strong enough to allow immune complexes to resist deformation and retain considerable nonplanar geometric structure upon adherence to the carbon film. Thus, elements of the complexes can pyramid or protrude above the plane of the film (i.e., they are not flattened into the 2-D plane of the membrane). This configuration will result in measurably foreshortened dimensions of the antigen and/or the Ab. Such configurations are often readily interpretable, as we reported with Fab anti-C-reactive protein (CRP) that bound perpendicular to the plane of the CRP molecule (Figs. 3 and 4) (9) and for an IgGanti-IgG immune complex ( tice, each probe would be a reference for each other probe in a pairwise fashion. The individual probes can be distinguished from each other by using different molecular forms of Ab (Fab, F(ab) 2 , IgG) (Fig.  6B) . Probes other than Ig can be used (e.g., a receptor or ligand) and, if these are too small to be visualized, can be tagged with Ab against the non-Ig probe as shown in Fig. 6C . Different modes of flexibility can be deduced by comparison of the relative angles of binding of pairs of probes (Figs. 6D and 6E ). Ligandinduced conformational changes can be similarly deduced (Fig. 6F ) . Finally, Ab can aid in the determination of the gross basic structure of target molecules. Although some asymmetric molecules adhere to carbon film in one or a few preferred orientations (see Fig. 3 ), others bind more randomly, complicating interpretation of the EM images (Fig. 6G) . By using an Ab probe that exerts its own preferred and recognizable orientation, one can reduce the number of sets of images that must be compared to yield meaningful structural information (Figs. 6H and 6I). We have used most of these strategies in our studies, as discussed below.
EPITOPE MAPPING
Our initial studies relied on the ability of IEM to differentiate unambiguously between Fab arms of re- actant IgG-anti-IgG complexes that bind tip-to-tip and those that bind tip-to-side to resolve enigmatic serologic data in the rather specialized area of rabbit allotype genetics. We mapped the location of rabbit V H allotypic determinants to the lateral surfaces of the V H domain using Fab anti-allotype probes (Fig. 7) (10) . In contrast, a polyclonal anti-Id Ab was shown to bind primarily to the distal termini of the Fab arms of IgG Ab (not shown) (10) .
Subsequently, IEM was adapted for a detailed mapping and structural analysis of a serologically well-characterized mouse Id-bearing monoclonal antibody (mAb) (8, 11) . In collaboration with N. Greenspan and J. Davie, we succeeded in constructing what remains the only true 3-D map of multiple Ids on a single target molecule (Fig. 8) (8) . The IEM data revealed not only the approximate locations of the Ids on the surface of the target Ab but also the 3-D geometry of the probing Ab in relationship to the target Ab (Fig. 8) . From this information, rational predictions concerning the functional behavior of the Ab in immune complexes could be made and tested. The relevant observations will be elaborated upon in the section on molecular flexibility.
The first step in the mapping process in these studies was to determine, by direct measurement of images in electron micrographs, the angles and sites of interaction of each of four Fab monoclonal anti-Id Ab and a monoclonal anti-C L Ab (Fig. 9) (8) . The electron micrographs in our study were of sufficient resolution to reveal the rotational orientation of both the target Id-bearing Fab arms (50 kDa) and the Fab anti-Id Ab (50 kDa) probes (Figs. 1 and 9 ). For each reaction, in excess of 300 immune complexes were scored. Angu-mouse IgG3 Fc (anti-C H 3 domain) probe was shown lar values for a population were expressed as a histo-to bind at right angles near the C-terminal tip of the gram and the rotational orientations tabulated (not H-chain of our Id-bearing molecules. The predomishown). It is important to use mAb for such studies nant structures observed were tetramers composed to ensure that any variation between images is only of two anti-C H 3 mAb and two IgG3 target molecules the only result of varying perspectives on a single (Fig. 10, bottom panels) . The Fcs of the target IgG3 species of complex and not of variations in the man-molecules were observed to be oriented such that the ner in which a number of different (i.e., polyclonal) planes of the Fcs are at or near a right angle to the Abs react with one or more epitopes.
plane of the carbon support (i.e., standing ''on edge''). In addition to identifying epitope sites, Abs can This orientation is also seen when the Fab anti-C H 3 also be used to orient a target molecule with respect bind to the Fc of a single IgG3 molecule (Fig. 10 top to the plane of the carbon film. For example, an anti-panels). An interesting feature of these complexes is that, when the Fc is fixed in the ''on edge'' configuration, the Fab arms of the target molecule show a greater tendency to assume a planar orientation, suggesting a constraint on rotational flexibility (i.e., 82% of the Fab arms are planar when in this orientation, and 64% are planar when not Fc-constrained).
Another important function of Ig is its ability to serve as an antigen receptor on the surface of B cells. In this capacity, ligand-mediated receptor crosslinking events are (indirectly) transmitted to the cytosol. In a collaborative study with P. Mongini (12), we have mapped and correlated the location of each of several IgM isotopes with the relative ability of corresponding anti-isotope mAb to trigger cell division by IgM cell surface crosslinking in B cells. The results show that the anti-Fc mAbs form divalently crosslinked chains that readily signal cell division (Fig. 11E) . In contrast, anti-Fab mAbs form predominantly intramolecular Fab-Fab (noncrosslinking) complexes that do not favor signaling (Figs. 11B and C) .
In another example of epitope mapping, we determined the location of the phosphocholine (PC) binding sites on CRP (9), an acute-phase serum protein with a variety of suspected functions including binding to PC on the surface of certain bacteria. CRP is composed of five identical domains (21 kDa each) arranged in the form of a hollow ring (13) (Figs. 3 and 4) . By determining that a PC-blocking mAb bound to one face of the molecule we dispelled the previously held notion that CRP primarily functions by crosslinking several bacteria (a function that would be favored by radially oriented reactive sites). In a similar manner, we mapped epitopes and functional sites to two of the three do- A more extensive discussion of macromolecular epitope mapping as well as additional specific examples are presented in a companion paper by Harris in this issue (17).
ANALYSIS OF MOLECULAR FLEXIBILITY
Some of the earliest applications of IEM to the analysis of macromolecules were, in fact, directed toward determining both the shape and the flexibility of Ab and immune complexes by negative staining. With this approach, Valentine and Green (18) showed IgG to be a ''Y''-shaped molecule with antigen-reactive sites at the tips of two of the arms (Fab). Moreover, the angles of the Fab arms were shown to be variable, ranging from nearly parallel in a closed ''Y'' to an open ''T'' configuration, suggesting a hinge-mediated flexibility.
Recently IEM analysis by Philips et al. (19) of hinge flexibility in mouse IgG1, IgG2a, and IgG2b shows that the overall degree of Fab-Fab flexibility, as seen in Ig dimer formation, correlates well with the results using nanosecond-pulse fluorescence (2). IEM has been successfully used to show that Fab arms can assume several diverse orientations in forming immune complexes with hemocyanin, with rotational divergence of Fab in different complexes of up to 180Њ with respect to the Fc region (20) . Similarly, we used Fab anti-allotype mAb (which binds at right angles to the axis of twofold sym- An important goal of our research has been to corre-late epitope location and Ig hinge flexibility in specific immune complexes to the geometry of the resultant immune complexes. Specifically, we analyzed the formation, over time, of the same type of Id-anti-Id complexes that we used in the mapping experiments outlined above. Because the reactants bind to the carbon film within a 10-s time frame, a given sample can be assayed repeatedly over time (e.g., 30 s to 30 min), and the proportions of each class of complex (monomer, monovalent dimer, divalent dimer, tetramer, etc.) can be determined for each sampling (see field of complexes in Fig. 13) (23) . The graphed data show that the most distally (Fab arm tip) located Id (see location of IdI-2 in 3-D map, Fig. 8 ) partially inhibits the generation of divalent ringed dimers (Fig. 14A ) whereas a slight tangential location (IdI-3a) favors divalent ring forma- tion (Fig. 14B) (22) . Thus Id (or epitope) location can have a profound effect on the types of complexes that can form and the rate at which they are generated. This relationship occurs presumably because each Fab arm sterically prevents its companion Fab arm from assuming the near-parallel orientation necessary for divalent dimer interaction as illustrated in Fig. 15 (23) .
Together, these data illustrate the considerable range of information that can be extracted from small immune complexes through careful analysis and interpretation of negative-stain IEM.
